G
ermline mutations of the phosphatase and tensin homolog (PTEN) gene cause 85% of Cowden syndrome (MIM 158350; characterized by breast and thyroid cancers), 65% of Bannayan-Riley-Ruvalcaba syndrome (MIM 153480; characterized by macrocephaly, lipomatosis, hemangiomas, and speckled penis), and 20% of Proteus syndrome (MIM 176920; characterized by hamartomatous overgrowth, naevi, and hyperostoses) (1, 2) .
This has led to the reclassification of these overlapping autosomal dominant disorders into the PTEN hamartoma tumor syndrome (PHTS) (2) . The clinical management of PHTS focuses on cancer risk. Cowden syndrome is associated with a 25-50% lifetime risk of breast cancer, a 10% risk of thyroid cancer, and a 5-10% risk of endometrial cancer (2) . The cancer risk of the Bannayan-Riley-Ruvalcaba and Proteus phenotypes is undefined but, because a major component of these disorders is allelic to Cowden syndrome, cancer surveillance to facilitate early detection and treatment is recommended for all individuals with germline PTEN mutations (2) .
Current consensus guidelines (3) recommend that thyroid surveillance consist of annual physical examinations, starting at age 18 yr or 5 yr younger than the youngest age of diagnosis of a component cancer in the family (whichever is younger). A baseline thyroid ultrasound is recommended at age 18 yr and can be considered annually thereafter (3). These guidelines reflect that PHTS-associated thyroid cancers have been reported almost exclusively in adults. However, here we report the presentation of not only thyroid nodules but also thyroid cancers in several young children with PHTS.
Case Reports
All patients were euthyroid at presentation and have heterozygous PTEN mutations (Table 1) . Patients 5 and 6 were included in a prior study of thyroid C-cell distribution (4). Patients 1, 6, and 7 were reported in a prior study of vascular anomalies in PHTS (5).
Patient 1
This 12-yr-old boy presented with thyromegaly discovered on his pediatrician's physical exam. Sonography showed a multinodular goiter with a dominant left-sided nodule. The presence of lip and tongue papules led to the consideration of multiple endocrine neoplasia type 2B, but RET protooncogene testing was negative. Thyroidectomy revealed a left-sided, minimally invasive follicular carcinoma (4.5 cm) and multiple adenomatous nodules. The patient was then referred to our center for evaluation and, because we noted penile freckling, PTEN testing was performed.
Patient 2
This 6-yr-old girl presented with a neck mass noted by her older brother. Sonography showed a 2.9-cm rightsided nodule. Right thyroid lobectomy revealed a benign adenomatous nodule. Upon referral to our center, we noted macrocephaly. Her father had multiple lipomas, and palpation of his thyroid revealed a multinodular goiter. Based upon these features, we performed PTEN testing, which was positive in both the patient and her father. Of note, a 7-mm left-sided thyroid nodule was noted before right lobectomy. Repeat sonography 12 months later documented its growth to 1.6 cm (biopsied with benign cytology).
Patient 3
This 10-yr-old girl presented with a neck mass noted by her mother. Sonography showed a 2-cm left-sided nodule. Subtotal thyroidectomy revealed a benign follicular adenoma. A second left-sided neck surgery was performed at 17 yr of age for "recurrent multinodular goiter," reporting benign nodular hyperplasia. During adolescence, the patient developed intestinal polyps and papular lesions of the extremities. A PTEN mutation was documented at 22 yr of age, and she was then referred to our center for thyroid surveillance. Her initial ultrasound discovered a 5.2-cm left neck mass that was shown to be papillary thyroid carcinoma upon resection. She received 150 mCi I-131, and an unstimulated serum thyroglobulin measurement 10 months later was undetectable. 
Patient 4
This 7-yr-old boy presented with a left-sided thyroid nodule discovered during a preoperative evaluation for tonsillectomy. Left thyroid lobectomy revealed a 2.8-cm follicular thyroid cancer with vascular invasion. Completion thyroidectomy and radioiodine therapy were declined. Throughout childhood, physical examinations of the neck were documented as normal. At 20 yr of age, he transferred care to our center, and neck sonography revealed multiple nodules in the right thyroid lobe (largest,
Patient 5
This 8-yr-old boy presented with chronic diarrhea. Colonic biopsies showed inflammatory polyps and mucosal neuromas. Similar to patient 1, lip papules were present. Although RET protooncogene testing was negative, he was monitored through childhood with annual thyroid palpation and pentagastrin-stimulation tests. At 20 yr of age, PTEN testing was performed secondary to penile freckling. Although thyroid palpation was reportedly normal, he was then referred to our center for thyroid surveillance. His initial thyroid sonogram revealed four nodules larger than 2.5 cm and over 10 additional nodules larger than 1 cm. Thyroidectomy showed benign adenomatous nodules.
Patient 6
This 9-yr-old girl presented to genetics clinic because her maternal uncle was diagnosed with Cowden syndrome. Her medical history was notable for macrocephaly and intestinal polyps. Genetic testing confirmed a PTEN mutation, and, in accordance with consensus guidelines (3), thyroid palpation was performed annually. At 11 yr of age, a thyroid ultrasound obtained to address discordant physical examinations (one physician documented a normal thyroid, whereas a second appreciated left-sided enlargement) showed a 2.0-cm nodule in the left thyroid lobe. Thyroidectomy revealed multiple follicular adenomas with a papillary microcarcinoma in the largest adenoma.
Patient 7
This 12-yr-old boy underwent genetic testing secondary to penile freckling and a characteristic lower extremity arteriovenous malformation (5) . Upon confirmation of a PTEN mutation, a baseline sonogram was performed, revealing a 2.3-cm right-sided thyroid nodule. He was referred to our center where biopsy showed suspicious cytology. Right thyroid lobectomy revealed a follicular carcinoma with vascular invasion, prompting completion thyroidectomy and ablation with 60 mCi I-131. Serum thyroglobulin measurements have been undetectable for 3 yr postoperatively.
Methods
Seven patients referred to two thyroidologists form the basis of this report. Patient inclusion required surgical thyroidectomy and a documented PTEN mutation. Studies were approved by our institutions' Investigative Review Boards. PTEN testing was performed in the Molecular Pathology Laboratory of Ohio State University (Columbus, OH) for patient 5; in the research laboratory of Dr. Charis Eng at Ohio State University for patient 6; and in GeneDx (Gaithersburg, MD) for all others (6).
Results and Discussion
This study reveals an association between the rare entities of PHTS and childhood thyroid cancer. In this series of seven children, four patients (patients 1-4) presented with thyroid nodules between the ages of 6 and 12 yr as the initially identified component of their PHTS. Two others (patients 5 and 6) were diagnosed with PHTS on the basis of extrathyroidal features but had markedly abnormal screening ultrasounds, despite the documentation of normal thyroid palpation 8 months or 2 months before imaging. The final patient in this series (patient 7) was referred directly to thyroid sonography upon the diagnosis of PHTS, leading to the discovery of a follicular carcinoma at 12 yr of age. Five of the seven children in this cohort (patients 1, 3, 4, 6, and 7) developed thyroid cancer. Interestingly, although only Cowden syndrome has previously been associated with thyroid cancer risk, several patients had penile freckling or other clinical features of Bannayan-Riley-Ruvalcaba syndrome (2) .
Before the patients in this current series, PHTS-associated follicular cell-derived thyroid cancers were reported exclusively in individuals with Cowden syndrome and, to our knowledge, in only one other child (5, 7) . This is the basis of the current recommendation to defer surveillance thyroid sonography to adulthood (3), but the current study illustrates how the lack of pediatric reports may be explained by diagnostic limitations before the recent availability of PTEN testing. Before mutational testing, Cowden syndrome was diagnosed by pathognomonic mucocutaneous lesions that manifest in late adolescence, so occult thyroid cancers were discovered only after surveillance was initiated in adulthood. Conversely, rare individuals (such as patients 1 and 4) diagnosed with thyroid cancer in childhood would fail to meet clinical diagnostic criteria for Cowden syndrome upon presentation, and so the association between their thyroid disease and PHTS would again go unrecognized.
Because patient numbers were small and PTEN testing was only performed in children with suspicious features, the precise frequency of PTEN mutations cannot be accurately estimated by this retrospective study. However, this case series suggests that a significant minority of children referred for thyroid nodules may have germline PTEN mutations, and we recommend a careful history to evaluate for signs of PHTS. If characteristic PHTS features (reviewed in Ref.
2) are present in the patient or in older relatives, genetic testing should be performed. The diagnosis of a germline PTEN mutation permits the identification of affected relatives and the early treatment of other PHTS-associated malignancies such as breast cancer. Notably, although PTEN testing was not performed, one retrospective study of 112 children with thyroid cancer reported two patient deaths from "rapidly progressive breast cancer" 13 or 15 yr after thyroid cancer diagnosis (8) .
We acknowledge that lack of follow-up on patients who transferred care to local physicians limits our ability to assess long-term outcome. Furthermore, because this report is limited to a single tertiary center, ascertainment and referral bias are potential confounders. Although we do not know the thyroid cancer risk of children with PHTS from this small case series, our data suggest that vigilance is warranted. Widely available commercial PTEN testing now permits the routine identification of childhood carriers, and early detection is known to improve thyroid cancer outcome. Thyroid sonography is more accurate than palpation (9, 10) and may be especially helpful in pediatrics where, due to the much lower frequency of thyroid nodules, clinicians may be inexperienced in their palpation. We recommend that a baseline thyroid ultrasound be performed in all patients upon the diagnosis of PHTS, regardless of their age, and then repeated annually. If a thyroid nodule of at least 1 cm is detected in a child with a normal TSH, it should be evaluated with ultrasoundguided fine-needle aspiration, and standard guidelines for thyroid surgery should be applied (10) . Because PHTS is the result of germline mutation and even optimal thyroid surgery routinely leaves a thyroid remnant, continued surveillance is warranted after the resection of benign nodules for the risk of disease progression as was observed in patient 3. In such individuals, we suggest that postoperative levothyroxine replacement be titrated to a low normal serum TSH and that serum thyroglobulin be measured annually. If serum thyroglobulin becomes detectable or antithyroglobulin antibodies confound its measurement, annual sonography should be added.
